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In the 1990s, interdisciplinary research teams showed that human papillomavirus (HPV) infection
causes virtually all cases of cervical cancer and its preinvasive cytopathologic precursors. Two such
invasive cervical cancer worldwide contain DNA of the same 13 oncogenic HPV types. Schiffman et al.
(2) showed that oncogenic HPV infection is so tightly linked to the diagnosis of preinvasive
cytopathologic precursors that statistical adjustment for HPV infection explains previously established
sexual risk factors for cervical neoplasia. It was important to confirm that HPV is the necessary cause of
cervical cancer, which annually kills 200,000 women worldwide. No similarly important cancers have
such clearly known necessary causes. Few other carcinogens are as powerful as these small, deceptively
simple viruses. Many years later, prevention researchers are already introducing clinically useful HPV
DNA tests (3), and vaccination research is well under way (4).

This short perspective touches on a few of the unique epidemiologic aspects of establishing HPV as a
necessary causal agent and the impact of that discovery on subsequent work. The perspective is
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personal, and the advances described below belong to a sizable community of researchers whom we
cannot adequately acknowledge here.

Bosch et al. (1) found HPV DNA in nearly all cervical cancers because of two critical, under-
appreciated methodologic triumphs. First, the huge collaborative epidemiologic team was able to collect
more than 1000 good-quality frozen tumor specimens from women in 22 countries. Routine formalin-
fixed tissues would not have permitted sensitive testing. A smaller effort restricted to the usual research
centers would have left questions regarding global generalizability. The logistical effort, for which the
International Agency for Research on Cancer (IARC) deserves credit, immediately established the
universal conclusion that the same HPV types are associated with cancer everywhere.

Second, the HPV laboratory collaborators had painstakingly optimized the sensitive polymerase chain
reaction (PCR) detection of a broad range of HPV types. The most critical aspects of epidemiology are
proper classification of exposure and disease and proper choice of comparison groups. Laboratory
scientists had originally suggested around 1980 that HPV types 16 and 18 cause cervical cancer (5),
based on epidemiologic and pathology evidence for a sexually transmitted etiologic agent. But at the
birth of the field of HPV and cervical cancer, only a few HPV types had been characterized. PCR had
not even been invented. The subsequent optimization of consensus PCR primers for HPV DNA took
years from first concept to acceptable performance (6). These methodologic efforts made possible the
study by Bosch et al. (1) because they reduced both false-negatives (from limited type range or low
analytic sensitivity) and false-positives (due to the amplification product contamination that had
plagued some early PCR projects).

The percentage of cervical cancers found to contain oncogenic HPV DNA is, theoretically, the upper
bound on the percentage caused by HPV. Even if all cervical cancers had demonstrable HPV DNA,
however, the cervical cells of control women might also be HPV positive, making HPV just a
ubiquitous benign virus. Some early PCR studies suggested the possibility of benign HPV ubiquity, and
the concept of etiologic fraction formalizes this concern (7). The etiologic fraction is the percentage of
HPV-positive case patients adjusted downward to account for the HPV positivity in control subjects.
Studying control women, with the necessary adaptation of HPV testing to noninvasive cervical cell
collections, was much more difficult than studying women with cervical cancer. But once testing of
control women was achieved, population surveys revealed that only a small minority of women in the
general population are HPV infected at any one time. Therefore, the correction of the etiologic fraction
estimated by the case series of Bosch et al. is negligible. In fact, HPV infection is now estimated to

While Bosch et al. (1) focused on cervical cancers, Schiffman et al. (2) concentrated on precursors of
cervical cancer. The two efforts were designed to be complementary. Schiffman et al. studied cervical
intraepithelial neoplasia as a surrogate endpoint for cervical cancer. The pathogenesis of cervical cancer
was already known to develop from reasonably well-defined pathologic precursors, identifiable by
histology or cytology (Pap tests).
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Specifically, Schiffman et al. (2) were able to show that HPV infection explains the risk of cervical
intraepithelial neoplasia associated with previously established sexual risk factors for cervical cancer,
particularly lifetime number of sexual partners (the epidemiologic variable that first suggested a
sexually transmitted causal agent). But HPV infection does not explain causal cofactors, like smoking
and parity, and we have continued to study these factors.

The epidemiologic study of cervical intraepithelial neoplasia and HPV has demonstrated the importance
of proper exposure measurements and the critical role of refining difficult pathologic distinctions. The
more clearly we have defined cervical precancerous conditions by expert review or refined the HPV test
data by use of successively more sensitive and specific assays, the stronger the estimates of HPV
oncogenicity have become (9).

To confirm that the amazingly strong association between oncogenic HPV and cervical neoplasia seen
by Bosch et al. (/) and Schiffman et al. (2) was prospective and did not result from "reverse

causality" (i.e., cancer leading to increased carriage or detection of HPV), a series of long-term
prospective studies have been completed, including a 20,000-woman cohort in Oregon (10), a 10,000-

findings of Bosch et al. completely, in that HPV 16 and the other oncogenic types defined by the IARC
case series have been confirmed prospectively to be causal, while other HPV types have been shown to
be benign.

It is now known that cervical cancer arises via three carcinogenic steps. HPV infection of the cervix
occurs mainly as a result of sexual intercourse. The resultant "phenotype" of the HPV-infected cervical
cell is highly variable (e.g., cytologic diagnoses of atypical squamous cells of unknown significance
[ASCUS] and low-grade intraepithelial lesions [LSIL]). Most infections tend to resolve over a 1- to 2-
year period. A small percentage, however, undergo progression to a precancerous condition, with high
risk of subsequent invasion.

The implications of accepting oncogenic HPV as the necessary but not sufficient cause of cervical
cancer are worth discussing. Epidemiology is designed to study risk factors, and the heart of
epidemiology is the concept of relative risk. Epidemiologists wished to know how much more likely
oncogenic HPV-infected women were to develop cervical cancer than noninfected women. The relative
risk is computed from a standard two-by-two table as the absolute risk of cervical cancer following
HPV infection divided by the absolute risk in the absence of HPV infection. When the absolute risk
among uninfected women approaches zero, however, the relative risk asymptotically "balloons" to
infinity and the standard statistical tables must be reconsidered.

For example, when studying other possible cervical cancer risk factors, such as smoking, we cannot use
usual approaches to adjust for confounding (e.g., Mantel-Haenszel or logistic regression) and effect
modification, because there are almost no truly uninfected case patients. Almost all of the seemingly
uninfected case patients are misclassified, and they should, therefore, be excluded from averaged risk
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estimates. Because HPV is a necessary cause of cervical cancer, selection of the proper controls in case—
control studies is also profoundly affected. Control subjects should properly represent the population at
risk of cervical cancer, and women without exposure to oncogenic HPV types are not at risk of cervical
cancer. Consequently, conventional population-based approaches may not be the best ways for studying
cervical cancer risk factors that might influence HPV-induced carcinogenesis.

Specifically, most epidemiologic work is now focused on progression. Because HPV infection is
extremely common over a lifetime, epidemiologists are now trying to understand why a small
percentage of infected women have persistent and progressive disease, rather than the much more
common pattern of regression. A number of potential HPV cofactors have been suggested, including
cell-mediated immunity, genetic factors, smoking, parity, oral contraceptive use, cervical inflammation,
and Chlamydia trachomatis infection (19-21). All, with perhaps the exceptions of smoking and parity,
have been plagued by weak and/or inconsistent findings. Methodologic issues may be partly to blame.

In the study of possible cofactors, proper adjustment for oncogenic HPV infection is critical. Any factor
that is even slightly associated with risk of oncogenic HPV infection will appear to influence the risk of
cervical neoplasia. This powerful confounding must be addressed. Two approaches have been used: 1)
multivariate modeling (by stratification or regression models) and 2) restricting the analysis to only
those women infected with oncogenic HPV types (HPV-restricted analysis). Both methods have
limitations. In the case of multivariate modeling, if no case patients are truly HPV negative, then
modeling will incorporate artifacts as the result of misclassification of HPV status. HPV-restricted
analysis is perhaps the only certain means to completely control for the effects of HPV. Certainly, these
women represent the true at-risk group. However, for this approach to be useful it is necessary to
understand more precisely what it means to find HPV in control women, particularly in cross-sectional
studies. Women with a precancerous condition and especially those with cancer are older, on average,
than women with incident HPV infection. Therefore, it is important to control for age. However, HPV
DNA-positive control subjects who are age-matched to case patients may be older women (compared
with all infected women) who have recently acquired the HPV infection as a result of the same sexual
behaviors linked to the acquisition of other sexually transmitted diseases (STDs) or smoking, leading to
a biased estimate of STDs and smoking as HPV cofactors. Or, these women might have a persistent
infection and are, therefore, already at elevated risk of disease progression, possibly biasing any
association of an HPV cofactor toward the null.

One methodologic approach to overcome these limitations is to add an element of time to the analysis.
This can be accomplished in a variety of ways, none of which has been shown to be clearly superior to
the others. One method is to use younger, HPV-positive control subjects as the comparison group to the
case patients. The disease in most of these women will regress rather than progress, and in this way the
case patients are being compared with women who are at an earlier stage in the natural history of
cervical cancer. This approach assumes, perhaps erroneously, that that there is no trend over time in the
characteristics of HPV-infected younger women. Another method is to use serology as a measure of

insensitive, detecting only about one half of current infections. For example, a possible control group
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might include women who are seropositive (for an oncogenic HPV type), HPV DNA negative, and
cytologically normal; these women have had, and then cleared, an infection. Alternatively, cytologically
normal women with a history of untreated LSIL might also be used as control subjects because LSIL is
a manifestation of HPV infection; however, there is no way to ascertain whether or not the infection
was due to an oncogenic HPV type.

It seems intuitively obvious that prospective studies could optimally assess causal associations between
cofactors and HPV progression. But conventional prospective studies also present some of the same
concerns found in case—control studies, namely uncertainty regarding the timing of infection ("left
censoring"). Again, surrogates of past infection, such as serology, might be considered to overcome this
problem.

In current studies, several epidemiologic groups are emphasizing prospective studies, but those with
repeated measurements of large cohorts of women. Our group measures HPV infection and stages in
cervical carcinogenesis using visual, cytologic, molecular, and immunologic methods. In attempting to
identify and validate new biomarkers of risk, we are no longer discussing the simple risk of HPV and
cancer. Instead, cervical carcinogenesis is divided into its steps (infection, progression [versus
regression], and invasion), and each transition is analyzed separately. For example, women with
precancerous conditions are compared with those with acute infection to examine risk factors for
disease progression. It should be noted that uninfected women would not be good controls for these
comparisons. Studies of repeated measurements of risk biomarkers and intermediate histopathologic
endpoints require sophisticated and difficult statistical tests, some of which are incompletely developed.
Collaborations with statisticians are increasingly important to derive maximum information from the
cohorts.

In conclusion, epidemiologic studies have revealed not only that women without HPV do not get
cervical cancer but also that most women with HPV do not get cervical cancer. A next generation of
biomarkers is needed that will distinguish infections with oncogenic types that are truly predictive of
risk from those that are not. Again, such discoveries will require a coordinated effort between laboratory
scientists and epidemiologists. It is easy to state this new epidemiologic goal, but admittedly it is a bit
like "leaving home" to step beyond the stratospheric relative risks of greater than 100 associating HPV
with cervical cancer as we face the extreme complexity of the next series of intensive, molecular
epidemiologic studies.
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